Killer cell immunoglobulin-like receptors (KIRs) recognize different groups of Human Leukocyte Antigen (HLA) class I alleles and are expressed by natural killer (NK) cells and some T lymphocytes. NK cell cytotoxicity is triggered by failure to recognize the appropriate HLA class I ligand on target cells. Recently, it has been shown that HLA class I ligand incompatibility in the graft-versus-host (GvH) direction is associated with a better outcome in haploidentical hematopoietic stem cell transplantation (HSCT). Since KIR genotypes are very diverse in the population, we explored whether or not the donor KIR genotype could affect the graft-versus-leukemia (GvL) effect in the related HLA-identical HSCT setting. We determined the KIR and HLA genotypes of 65 HLA-identical patient-donor siblings. We found that the presence of two activating KIRs, 2DS1 and 2DS2, in the donor was significantly associated with a decreased leukemic relapse rate (P ¼ 0.03; OR ¼ 0.18; 95% CI: 0.037-0.88). Moreover, the probability of relapse at 5 years was significantly lower for patients who received a graft from a donor with the 2DS1( þ )2DS2( þ ) genotype than for those who received a transplant from other donors (17 vs 63%, respectively; P ¼ 0.018). In conclusion, this study suggests that a joint effect of these two selected activating KIRs in the donor might confer some protection against leukemic relapse.
Introduction
Natural killer (NK) cells are important effector cells in the innate host defense because of their capacity to lyse viral-infected and tumor cells spontaneously. 1 In recent years, much progress has been made in the characterization of NK cell receptors. NK cells possess three main receptor families: natural cytotoxicity receptors (NCRs), C-type lectin receptors (CD94/NKG2) and killer cell immunoglobulin-like receptors (KIRs). [2] [3] [4] The most polymorphic receptor gene family is the one encoding the KIRs. The KIRs belong to the immunoglobulin (Ig) superfamily that recognizes specific human leukocyte antigen (HLA) class I molecules and are found on the surface of NK cells and of some T lymphocyte subsets (www.ncbi.nlm.nih.gov/PROW). In humans, the majority of the HLA class I loci involved in the KIR interactions are determined by the recognition of HLA-C molecules. An allelic dimorphism in amino-acid residues 77 and 80 determines the specificity of KIRs for HLA-C allotypes. 5, 6 KIR2DL1 recognize group 2 HLA-C molecules (HLA-C2) having asparagine at position 77 and lysine at position 80 (Cwn02, 0307, 0310, 0315, 04, 05, 06, 0707, 0709, 1204, 1205, 15, 1602, 17, 18) , whereas KIR2DL2/2DL3 bind group 1 HLA-C molecules (HLA-C1), which include serine 77 and asparagine 80 (Cwn01, 03, 07, 08, 12, 13, 14, 1507, 16). 5, 6 Not only does every HLA-C allotype interact with a KIR, but there also exists KIRs that interact with certain HLA-A and -B alleles (KIR3DL1 for HLA-Bw4 and KIR3DL2 for HLA-A3/11). 7, 8 It has been suggested that the activating KIRs (2DS1, 2DS2 and 3DS1) recognize the same HLA class I ligands as their inhibitory counterparts, though with a lower affinity, because of the similarity in the extracellular domain. [9] [10] [11] [12] The ligands for most activating KIRs have not yet been well defined, although non-HLA proteins, such as foreign antigens expressed on infected cells 13, 14 or tumor-specific antigens 15 may serve as candidate ligands.
Variations in gene number, gene content and allelic polymorphism within individual KIR genes account for the high diversity in human KIR haplotypes among individuals. [16] [17] [18] Moreover, KIRs are clonally expressed in a stochastic manner in the peripheral blood, although each clone will express at least one inhibitory receptor, by which they are even able to sense single HLA class I allelic losses on target cells. 19 One of the mechanisms by which NK cells are activated is via disruption of the dominant inhibitory signal by downregulation of a specific HLA class I molecule. This frequently occurs in certain viralinfected and tumor cells to evade T-cell recognition. [19] [20] [21] [22] [23] This 'missing-self' principle was exploited in related haploidentical 24, 25 and unrelated HLA mismatched HSCT. 26, 27 In these transplantation settings, both the recipient and donor are mismatched for one or more HLA class C (-B) alleles and this may result in recipients lacking the appropriate HLA class I ligands recognized by the donor inhibitory KIRs. This could favor donor NK cell activation with a potent antileukemic effect. [24] [25] [26] [27] Most patients receive their graft from an HLA-identical donor. Therefore, we analyzed whether or not certain donor KIR genotypes could be associated with a graft-versus-leukemia (GvL)-effect after related HLA-identical HSCT. Since KIR and HLA haplotypes segregate independently, the KIR type of the related HLA-identical donor will mostly (75%) differ from that of the patient. The HLA-identical transplant situation permits one to investigate the influence of KIR genes on transplant outcome without the confounding effects of HLA disparity.
Patients and methods

Patient variables and definitions
The KIR genotype was studied in HLA-identical patient-donor siblings. All family members (father, mother, siblings) were typed for HLA-A and -B by serology and DRB1 by molecular techniques. Patient and sibling donor were finally typed with molecular techniques for HLA-A, -B, -C, DRB1, DQB1 and DPB1 (Biotest Seralc, Kortenberg and Innolipa s , Innogenetics, Ghent, Belgium).
A total of 65 consecutive patients with leukemia who received a first transplant at our institution between 1991 and 2002 were included in the study. Two patients who rejected their graft were excluded.
The median age of the patients was 34 years (range, 5-53). Diagnosis at the time of transplantation was 22 patients with acute myeloid leukemia (AML), of whom 15 were in first, five in second and two in third complete remission; 27 patients with chronic myeloid leukemia (CML), of whom 24 were in first, one in second chronic phase and two in accelerated phase; 16 patients with acute lymphoid leukemia (ALL), of whom 10 were in first and six in second complete remission. Patients with acute leukemia in first complete remission and CML in first chronic phase were considered as standard risk patients, representing 75% of cases.
All patients were given myeloablative therapy, which included total body irradiation (except for two patients) and chemotherapy. The source of stem cells was bone marrow in 47 (72%) and peripheral blood in 18 (28%) cases. All patients received either standard cyclosporin in combination with methotrexate (n ¼ 31) or T-cell depletion (n ¼ 34) as graftversus-host disease (GvHD) prophylaxis. The mean number of T-cells infused after T-cell depletion was 4.53 Â 10 5 /kg (range 0.1-14) as compared to 2.08 Â 10 7 /kg (range 1.08-4.47) in non-T-cell-depleted grafts, corresponding to a 72 log depletion.
Acute and chronic GVHD were diagnosed according to standard criteria. Only patients requiring systemic glucocorticosteroid therapy were considered as having clinically significant chronic GvHD. Engraftment was defined as the achievement of durable trilinear hematopoietic recovery. Relapse was defined as recurrence of disease after transplantation, as based on cytomorphological or histological criteria. Transplant-related mortality (TRM) was defined as death due to any reason without evidence of relapse. Overall survival (OS) was determined from the time between transplantation and death due to any cause.
KIR genotyping
The sequence specific primer-polymerase chain reaction (PCR-SSP) technique was performed for the amplification of five groups of inhibitory (KIR2DL1-3 and KIR3DL1-2) and six groups of activating KIR genes (KIR2DS1-5 and KIR3DS1). The PCR-SSP assays were based on conditions and primers that have been previously reported. 28 In addition, KIR2DS4-specific primers were used for the amplification of 221/199 bp region in exon 5 of the 2DS4 gene. 29 
Statistical analysis
The associations between baseline characteristics as well as KIR genes with transplant outcome variables were analyzed by Fisher's exact test (two-tailed). Probability of relapse, OS, TRM, acute and chronic GVHD were calculated by using the method of Kaplan-Meier and compared with the log-rank test. Multiple stepwise logistic regression analysis (SPSS software version 12) was performed to test the influence of the different variables (baseline characteristics and KIR genes) on relapse, which was the primary endpoint of this study. Significance was established at Pp0.05.
Results
Clinical outcome
The median follow-up time for the 65 patients included in the study was 20 months (range: 1-134 months). Patients who survived more than 1 month were considered to be appropriate for analyzing the following transplant outcome variables. Only two patients died within 2 months after HSCT.
At the time of analysis, 25 patients (38.5%) relapsed and 13 patients (20%) died from a transplant-related event. Acute and chronic GvHD were observed in 18 (27.7%) and 10 (16.9%) patients, respectively.
Patient and transplant characteristics
We investigated the influence of different baseline variables on the end points of relapse, TRM, acute and chronic GvHD ( Table 1) . None of these factors regarding patient age, gender, risk category, diagnosis, disease stage, source of stem cells, GvHD prophylaxis and identical donor and recipient KIR genotypes were found to have a significant influence on relapse, TRM or acute GVHD. However, chronic GvHD was significantly more frequent in transplantations with no T-cell depletion (Po0.05) ( Table 1) .
Relapse
Univariate comparison of 11 individual KIR frequencies between 65 patients and their HLA-identical related donors was conducted before transplantation. No significant differences in the 11 KIR frequencies were observed between patients and donors (data not shown). We further examined if either the presence or absence of any individual KIR gene of the donor had an influence on relapse. Therefore, the frequencies of donor KIR genes in patients who relapsed (n ¼ 25) were compared with those who did not relapse (n ¼ 40) (Figure 1) . Nearly all the inhibitory KIR genes (2DL1, 2DL3, 3DL1 and 3DL2) were present in the majority of the donors. Most variations between the two groups were observed in the number of activating receptors. We found higher frequencies of all donor activating KIR genes in the non-relapsing group compared to the relapsing group, but no significant differences in the frequencies of individual KIR genes were found. There was no significant correlation between the total number of activating receptors possessed by a donor and relapse rate (P ¼ 0.147), suggesting that the type of KIR and not the number of KIRs is more important.
We showed that the combined presence of two activating KIRs, 2DS1 and 2DS2, in donors was significantly associated with a decreased incidence of relapse (P ¼ 0.03; OR ¼ 0.18; 95% CI: 0.037-0.88). Only two of the 15 patients who were given HSCT from a 2DS1( þ )2DS2( þ ) donor, relapsed. No other possible combination with two KIR genes showed a significant association with relapse rate (data not shown). Moreover, in the multivariate analysis, only this combined presence of the activating 2DS1 and 2DS2 in the donor (P ¼ 0.016) and a younger patient age (P ¼ 0.046) were significantly associated with protection against relapse. The Kaplan-Meyer estimates for relapse at 5 years were 17 and 61.3% for patients who received a graft from a 2DS1( þ )2DS2( þ ) donor and for those who received a transplant from donors who were positive for only one of these receptors or negative for both KIR2DS1 and KIR2DS2, respectively (P ¼ 0.018) (Figure 2a) . The 5-year OS also tended to be better (59.2 and 35.5% in the 2DS1( þ )2DS2( þ ) and other donors, respectively, P ¼ 0.109) (Figure 2b ).
Based on recent clinical studies that showed that NK cell activity would be more pronounced in patients with myeloid leukemia, relapse rates were analyzed separately in myeloid (AML þ CML) and lymphoid (ALL) leukemia. We observed that the relapse rate in myeloid patients who received a graft from a 2DS1( þ )2DS2( þ ) donor (2 of 12 patients relapsed) was significantly lower than in comparison with the myeloid patients who received a transplant from other donors (19 of 37 patients relapsed) (P ¼ 0.0471). None of the lymphoid patients receiving a graft from a 2DS1( þ )2DS2( þ ) donor relapsed (0 of 3 patients relapsed in the 2DS1( þ )2DS2( þ ) group vs 4 of 13 patients with transplants from other donors).
Additionally, we analyzed if there was a potential influence of the different HLA-C groups (C1C1, C1C2 and C2C2) only or in combination with the activating KIRs on relapse rate, but no such influences were seen (data not shown).
Finally, there were no significant differences in the patient and transplant characteristics between patients receiving a graft from a 2DS1( þ )2DS2( þ ) donor and those receiving a graft from donors who were positive for only one of these receptors or negative for both KIR2DS1 and KIR2DS2 (data not shown).
Transplant-related mortality and GVHD TRM, acute or chronic GvHD rates were not significantly associated with the presence of any particular KIR gene or the combined presence of KIR2DS1 and KIR2DS2 in the donors Table 1 Influence of the patients' characteristics (n ¼ 65) on transplant outcome variables (data not shown). We also did not find any significant influence of the total number of donor activating KIRs on these end points.
However, the incidence of acute GvHD was decreased in patients who were heterozygous for HLA-C1 and C2 alleles. Only three of the 24 patients developed acute GvHD compared with 15 of 41 patients who were homozygous for C1 or C2 alleles (P ¼ 0.046; OR ¼ 0.25; 95% CI: 0.063-0.97).
Discussion
In this study, we analyzed whether or not, certain KIRs in the donor could be associated with a GvL-effect following a related HLA-identical HSCT. In this situation, the influence of KIR genes on transplant outcome could be investigated in a direct way without the confounding effects of HLA disparity. The first interesting finding was that the frequencies of all activating KIRs of the donor were higher in the non-relapsing than in the relapsing patient group. However, there was no significant association between the total number of activating receptor possessed by a donor and relapse rate (P ¼ 0.147). A more detailed analysis revealed that the combined presence of two activating KIRs, 2DS1 and 2DS2, in the donor was significantly associated with a decreased relapse rate. Only two of the 15 patients (13.3%) who received HSCT from a 2DS1( þ )2DS2( þ ) donor relapsed compared to 46% of the control group. These data suggest that the presence of these two activating KIRs, 2DS1 and 2DS2 is important in the protection against leukemic relapse as there was no correlation between the total number of activating KIRs possessed by the donor or any other KIR gene pair and relapse rate. The 5-year OS also tended to be superior in the 2DS1( þ )2DS2( þ ) group, but did not reach statistical significance.
Further support that certain activating KIRs can be implicated in the immune response to diseases came from a recent study, which demonstrated that the activating KIR3DS1 in combination with HLA-Bw4 was associated with delayed progression to AIDS in individuals infected with the human immunodeficiency virus type I. 30 Along the same line, another study reported that the activating KIR2DS1 and/or KIR2DS2 receptors in the absence of specific HLA-C alleles, were associated with psoriatic arthritis. 31 It has been shown that HLA-C molecules bind KIR2D receptors and, therefore, could play a major role in the regulation of NK cell activity. 5, 6 We could not find a significant effect of the HLA-C groups or activating KIR-HLA-C ligand interactions on relapse rate in this study. However, we cannot Frequencies of donor KIR genes in relapsing and nonrelapsing patients. The PCR-SSP technique was performed for the amplification of five groups of inhibitory KIRs (KIR2DL1-3 and KIR3DL1-2) and six groups of activating KIRs (KIR2DS1-5 and KIR3DS1). The frequency of 2DS4 included only individuals who possessed at least one copy of the full-length form of the KIR2DS4 gene. The frequencies of donor KIR genes (%) were evaluated in patients who did not relapse (n ¼ 40) and patients who relapsed (n ¼ 25).
Figure 2
Long-term outcome of patients receiving a graft from donors who are positive for both KIR2DS1 and KIR2DS2 vs donors who are positive for only one of these receptors or negative for both KIR2DS1 and KIR2DS2: significantly lower probability of relapse and a superior OS in patients who were given HSCT from donors with a 2DS1( þ )2DS2( þ ) KIR genotype. (a) Kaplan-Meier plot to estimate the probability of relapse. (b) Kaplan-Meier plot to estimate the probability of OS.
Activating KIR and graft-versus-leukemia S Verheyden et al exclude that other non-HLA ligands can serve as candidate ligands, because not much is known about the activating KIR ligands except for the binding of HLA-C (HLA-B), which is much weaker than the binding of these molecules by inhibitory KIRs. In addition, it has been reported that leukemic cells can have downregulated expression of HLA class I molecules, which could decrease the threshold for NK cell activation by diminishing the interactions with their relevant inhibitory KIRs. [21] [22] [23] A balance between the downregulation of HLA molecules and a joint effect of the two appropriate KIRs, may perhaps account for the mechanism by which residual leukemic cells are eliminated. A similar study determined the impact of donor KIR and recipient HLA-C types on outcome following related HLA-identical HSCT. 32 The study demonstrated a poor survival rate in patients with myeloid leukemia who did not carry a group 1 HLA-C and whose donors were also positive for the activating KIR2DS2. No significant effect of activating KIR/ HLA-C ligand combinations on relapse rate was found, but no effort was made to correlate the KIR genotype by itself to relapse.
As Ruggeri et al 24, 25 demonstrated that in haploidentical HSCT more AML than ALL cells were killed in vitro by KIR-HLA mismatched NK clones, we have reanalyzed our data according to lymphoid and myeloid leukemia. A significant lower relapse rate was noted in myeloid patients who received a graft from 2DS1( þ )2DS2( þ ) donors compared to all other donors. Less relapse was also observed in lymphoid leukemia patients but, unfortunately, the group was too small for statistical analysis.
Varying results have been reported about the beneficial effect of KIR ligand incompatibility seen in patients with AML following unrelated 27, 33, 35 and related 34 HSCT. Differences in patient characteristics and transplantation procedures may account for discrepancies in the results from these various studies. It has been demonstrated that disease status and the number of T cells in the graft are critical variables that can affect transplantation outcome. There was no significant difference with respect to disease status between patients receiving a graft from 2DS1( þ )2DS2( þ ) and other donors. In contrast to other studies, 27, 32, 34, 35 most of our patients (75%) were in first complete remission or in first chronic phase and it is apparent that the NK cell-mediated effect in these patients is more beneficial than in patients in the advanced disease phase. Furthermore, one of the two relapsed patients in the 2DS1( þ )2DS2( þ ) group was in an advanced disease stage at transplant.
Several studies showed that the number of T cells in the graft could influence NK cell alloreactivity caused by an HLA mismatch. 27, [33] [34] [35] Moreover, haploidentical transplants 24, 25 require a high CD34 þ cell dose and an extensive T-cell depletion (10 4 T cells/kg); which are typically associated with a rapid recovery of NK cells. In our study, 31 HLA-identical transplants were not T cell depleted and contained an average of 2.08 Â 10 7 T cells/kg, which is much higher than in the study of Ruggeri et al. 24, 25 Additionally, the remaining 34 transplants that were T cell depleted resulted in an average number of T cells of 4.53 Â 10 /kg, corresponding to 72 log depletion. Consequently, the T-cell depletion in our HLA identical transplants were less vigorous compared to the 4-log T-cell depletion applied in HLA incompatible transplants. Furthermore, Giebel et al 27 applied a uniform GvHD prophylaxis and were able to demonstrate that the type of immunosuppressive treatment could influence the beneficial effects of the alloreactive NK cells. In contrast, in our study, the GvHD prophylaxis involved either post-transplant immune suppression (cyclosporin and MTX) or T-cell depletion. We could not, however, exclude the possibility that the use of these two GvHD prophylactic approaches may have had a different effect on the schedule of NK cell recovery. Nevertheless, there was no significant difference regarding GvHD prophylaxis between the 2DS1( þ ) 2DS2( þ ) and the control group. Furthermore, the presence of 2DS1( þ )2DS2( þ ) in the T-cell depleted group (2 of 10 patients with a 2DS1( þ )2DS2( þ ) donor relapsed vs 14 of 24 patients with other donors) and in the non-T-cell depleted group (0 of five patients with a 2DS1( þ )2DS2( þ ) donor relapsed vs 9 of 17 patients with other donors) was still associated with a decreased relapse rate, although not significant because of the low numbers. These data suggest that the effect of 2DS1( þ )2DS2( þ ) on relapse rate is independent of the GvHD prophylaxis. Finally, a multivariate analysis that considered all variables influencing relapse, showed that KIR2DS1 and KIR2DS2 in the donor and a younger patient age were the only independent factors predicting a decreased risk of relapse.
The 'missing-self' principle exploited in related haploidentical 24, 25 and unrelated HLA mismatched HSCT 27, 33, 35 was based only on the HLA genotyping and not on the KIR genotype of the donor. We went a step further and studied the HLA genotype as well as the KIR genotype of the recipients and donors, all in the quest to possibly understand in more detail the mechanism of NK cell activity. In the future, we should also analyze the expression of these KIRs, because the presence of certain KIR variants should not be taken as evidence of KIR expression. 36 Unfortunately, there are not yet antibodies available that are able to discriminate the inhibitory from the activating KIRs and therefore, the KIR phenotype cannot be analyzed accurately.
In conclusion, we have found that the combined presence of two donor activating KIRs, 2DS1 and 2DS2, was the most significant predictor for protection against leukemic relapse in our related HLA-identical HSCT population. We are currently investigating whether or not the donor 2DS1( þ )2DS2( þ ) genotype also prevents against relapse in unrelated HLAidentical HSCT and further prospective studies involving larger numbers of transplantation studies have to be done to confirm our results.
